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Abstract 18 
Acicular goethite nanoparticles (AGNs), obtained from the active treatment of acid mine 19 
drainage (AMD) on an industrial scale, were evaluated with respect to their capacity to 20 
adsorb the contaminants arsenate, phosphate and humic acids (HAs) in aqueous solution. 21 
Kinetics and equilibrium constants that describe the adsorption process were investigated. 22 
The adsorption capacity decreased in the order: HAs (37 mgC g-1) > As(V) (20 mg As(V) 23 
g-1) > phosphate ions (13 mgPO43- g-1). The adsorption capacity of the AGNs produced 24 
from acid mine drainage to remove arsenate, phosphate or humic acids are similar to those 25 
found for other synthetic iron oxides produced under controlled conditions at the 26 
laboratory scale. This study demonstrates the valorization of the AGNs product derived 27 
from acid mine drainage slurry waste arising from the mining of coal as an effective 28 
adsorbent materials for water treatment. 29 
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Nomenclature 33 
AGN: acicular goethite nanoparticles 34 
AMD: acid mine drainage 35 
 (min-1) and  (g mg-1 min-1): adsorption rate constants of pseudo-first and pseudo-36 
second order  37 
,  (dimensionless): Freundlich parameters 38 
: amount adsorbed at time  (mg g-1) 39 
qe: amount adsorbed at equilibrium (mg g-1) 40 
: monolayer adsorption capacity (mg g-1)  41 
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b: Langmuir constant (L mg-1) 42 
BET: Brunauer-Emmett-Teller method 43 
BJH: Barret-Joyner-Hallenda method 44 
ST: Saito-Foley method 45 
C: concentration of adsorbate at equilibrium (mg L-1) 46 
Co: initial concentrations of adsorbate (mg L-1) 47 
EDS: energy dispersive X-ray spectrometer  48 
HAs: humic acids 49 
pHpzc: point of zero charge 50 
SEM: scanning electron microscopy  51 
V: initial volume of adsorbate solution (L)  52 
w: mass of adsorbent (g) 53 
Co and Ce: concentrations of adsorbate - initial and at equilibrium, respectively (mg L-1); 54 
 55 
1. Introduction 56 
Acid mine drainage (AMD) arising from the mining of metals or coal, represents a serious 57 
environmental problem when left uncollected and untreated. Typically, in Brazil, each ton 58 
of coal produces 2.5 m3 of AMD, which contains 2 to 15 g L-1 of iron [1]. AMD causes the 59 
degradation of surface and ground waters, soils and sediments, and poses a serious hazard 60 
to aquatic biota and to humans. AMD is formed when sulfide minerals, predominantly pyrite 61 
(FeS2) but also arsenopyrite (FeAsS), chalcopyrite (CuFeS2) and chalcocite (Cu2S), among 62 
others, are exposed to oxygen and water, causing an oxidation reaction that produces 63 
sulfuric acid (H2SO4). The waters are characterized by a low pH and high concentrations of 64 
iron, and often, other metals and toxic chemicals such as SO42-, CO32-, Al3+, Mn2+, Zn2+, 65 
Cu2+, Ni2+, Ca2+, Mg2+, Cr3+, As3+, As5+, Pb2+, cadmium and mercury. Futhermore, naturally 66 
occurring bacteria such as Acidithiobacillus ferrooxidans can accelerate AMD production 67 
considerably [2, 3]. 68 
 As a result of the gravity of the environemntal damage that AMD poses, new 69 
emerging methods for the treatment of AMD have been investigated, including the use of 70 
fly-ash zeolite, fuel cell technologies, peat-humic agent, microfiltration and electrodialysis 71 
[2,4-6], besides the traditional method of remediation involving alkaline neutralizing agents 72 
such as anhydrous ammonia, hydrated lime, sodium hydroxide, sodium carbonate and 73 
limestone, which cause the precipitation of the heavy metals in the AMD in the form of 74 
hydroxides and/or oxides sludge [7]. In parallel, potential applications for the recovered 75 
AMD sludge are currently being sought, such as its use as pigments [8] and as adsorbent 76 
materials [9 – 11]. 77 
The application of iron oxides or hydroxides as adsorbents for the removal of water 78 
contaminants is well documented, however, it is desirable to develop greener and low cost 79 
sources of iron, reusing industrial waste rich in iron, thus avoiding the synthesis of iron 80 
adsorbents from analytical-grade chemicals [12].  81 
Our research group has recently demonstrated the production of acicular goethite 82 
nanoparticles (AGNs) from AMD on an industrial scale [1]. In this process, 60 m3 h-1 of 83 
AMD collected from a coal mine in the southern state of Santa Catarina (Brazil) was treated, 84 
generating a chemical sludge at a flow rate of 4-35 tonn day-1 with the percentage of iron 85 
oxides being greater than 80%. The iron oxide production consists of four steps: (1) 86 
neutralization by adding Ca(OH)2 until reaching pH 3.8, followed by the settling of 87 
aluminum hydroxide and calcium sulfate; (2) neutralization with NaOH and precipitation 88 
of Fe(OH)2; (3) slow oxidation of Fe(OH)2; (4) thermal treatment at temperatures in the 89 
range of 100–700 °C. [13, 14]. The valorization and reuse of this sludge has been 90 
investigated for the preparation of oxidation catalysts for the oxidation of volatile organic 91 
compounds, for the production of pigmental dyes and for the removal of metal ions [13, 14].  92 
In this study, we evaluate a new application of acicular goethite nanoparticles (AGNs), 93 
which is produced from the treatment of 60 m3 per day AMD and at high purity ( > 80%), 94 
as adsorbent for environmental remediation of water contaminated with arsenate, phosphate 95 
and humic acids. This is in response to strict limits of 10 µg.L-1 on arsenic in drinking water 96 
dictated by the US Environmental Protection Agency, the World Health Organization 97 
(WHO) and the European Commission. Arsenic is an environmental contaminant associated 98 
with the highest risks of morbidity and mortality worldwide, both because of its toxicity and 99 
the number of people exposed [15] and dangerously high levels of arsenic have been 100 
identified in many water supplies around the world [16]. Excess phosphorous is associated 101 
with algal blooms events, which can cause high economic damage in coastal oceans and 102 
lakes [17], in addition to the formation of extremely toxic species in drinking water [18]. 103 
Sewage and urban wastewaters commonly contain 10–30 mg L-1 of phosphate ions and 104 
biological and physico-chemical treatments are the most commonly used methods for their 105 
removal. Although widely applied, these methods have disadvantages including excessive 106 
sludge production, high chemical demand and difficulty in achieving regulatory guideline 107 
levels, since only 75% to 85% of the phosphate is typically removed. These problems are 108 
not encountered when adsorption methods are used [19]. Finally, color-causing humic 109 
substances have long been a problem for the water supply industry, since trihalomethanes 110 
(THMs), haloacetic acids (HAAs) and other halogenated organic compounds can be formed 111 
during the chlorination of water supplies [20]. These problems highlight the need to remove 112 
these compounds from water and wastewaters. 113 
 114 
 115 
2. Materials and methods 116 
2.1 AGN recovery from AMD 117 
The chemical sludge was obtained from the treatment of AMD at a coal mine located in the 118 
state of Santa Catarina in southern Brazil. The adsorbent was prepared from the AMD 119 
following the protocol described in Madeira [18]. Briefly, the active treatment consists of 120 
an AMD (pH 2.5; [Fe2+] = 2.5 g L-1; [SO42-] = 9.0 g L-1; [Al3+] = 33.5 mg L-1; [Mn2+] = 72.4 121 
mg L-1) pre-neutralization step with lime (Ca(OH)2) at pH 2.7, to yield the selective 122 
precipitation of aluminum hydroxides and CaSO4, followed by the addition of NaOH to 123 
reach pH 3.2. The result is a precipitate rich in iron, referred to herein as acicular goethite 124 
nanoparticles (AGNs). The AGN was washed multiple times with distilled water until the 125 
pH of the washing water became constant (pH = 4.0), it was filtered through a cellulose 126 
membrane in a press filter, dried at 90 °C for 5 h and stored for further use. 127 
 128 
2.2 AGN characterization 129 
The point of zero charge (pHpzc) of the AGNs was measured used two methods. In the first 130 
method, 50 mL of NaCl 0.01 mol L-1 were placed in Erlenmeyer bottles and appropriate 131 
amounts of HCl or NaOH were added to obtain pH values between 2 and 12. AGNs (0.15 132 
± 0.01 g) were added to each bottle, subjected to agitation for 48 h and then filtered 133 
through a Buchner funnel with qualitative filter paper. The final pH of the filtrate was 134 
plotted against the initial pH and the pH at which the curve intercepted the line pHinitial = 135 
pHfinal was taken as the pHpzc. The same procedure was repeated using a 0.1 mol L-1 NaCl 136 
solution. In the second method, 1.00 ± 0.01 g of AGNs were placed in 50 mL Erlenmeyer 137 
flasks and 20 mL of distilled water (free of CO2) were then added. The bottles were placed 138 
under constant stirring for 24 h (shaker Dist, DI 951) and filtered through a Buchner 139 
funnel with qualitative filter paper. The final pH was measured with a pH meter 140 
(Micronal, model B474) and this was regarded as the pHpzc.  141 
The porosity and specific surface area of the AGNs were measured in a Quantachrome 142 
Autosorb-1C nitrogen adsorptometer, via nitrogen adsorption and desorption at 77 K. The 143 
total surface area was calculated from the adsorption isotherm using the BET equation [21]. 144 
The pore size distribution was obtained from the desorption isotherm following the BJH 145 
method [22]. Micropore analysis was carried out by the SF method [23]  146 
Microscopic images and the elemental composition of the AGNs were obtained using a 147 
scanning electron microscope (JEOL JSM-6390LV) equipped with an energy dispersive X-148 
ray spectrometer (EDS). For the preparation of the AGNs, a small amount of powder was 149 
added to acetone and the mixture was sonicated to disperse the particles. A small drop of 150 
the suspension was placed on a clean polished flat surface (stub) and observed. 151 
Alternatively, before analysis, the sample was coated with a thin layer of gold using a Leica 152 
SCD 500 microsystem.  153 
The crystalline structure of AGN particles was observed on an X'Pert Philips diffractometer 154 
(XRD), with an angular range of 10-70° (2θ), CuKα radiation (λ = 1.5418 Å) and operating 155 
at 40 kV and 30 mA.  156 
Fourier transform infrared spectroscopy (FTIR) was carried out on an ABB Bomem 157 
spectrometer (model FTLA 2000) in the range of 4000-400 cm-1 with the sample prepared 158 
in KBr pellets.  159 
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were obtained 160 
on a Shimadzu thermogravimetric analyzer (Model TGA/DTG-60) in the temperature range 161 
of 25-900 ºC with a rate of 10 ºC min−1 under synthetic air atmosphere, with a flow rate of 162 
100 mL min−1. 163 
 164 
2.3 Adsorption experiments 165 
All glassware used in the experiment was washed with HCl to eliminate any interference 166 
and then extensively washed with Milli-Q ultrapure water and dried. 167 
Adsorption kinetics  168 
The kinetics of adsorption of the standard reagents of humic acids (HAs) and phosphate on 169 
AGNs was investigated. The aqueous solutions of HAs were prepared by diluting a 170 
concentrated standard solution (Hümas-TKİ; pH 11-13, 12% (w/w humic + fulvic)) with 171 
distilled water. The concentration of total organic carbon (TOC) in the HAs solutions was 172 
determined with a TOC analyzer (Shimadzu, TOC-Analyzer TOC VCPH). Phosphate 173 
solutions were prepared dissolving the KH2PO4 powder (Nuclear, ≥ 98% purity) in distilled 174 
water and the final concentration was measured photometrically in a spectrophotometer 175 
(Hach, DR 5000) using the amino acid method (method 8178; Hach Procedures Manual), 176 
with a reading range of 0.23 to 30.00 mg L-1 PO43-. The methodology was adapted from 177 
Standard Methods for the Examination of Water and Wastewater [24]. Samples with a 178 
concentration higher than 30.00 mg L-1 were diluted and the dilution factor was used to 179 
calculate the concentration of the sample. 180 
Constant volumes of standard solutions of HAs or phosphate at concentrations of 200 and 181 
70 mg.L-1, respectively, were added to fixed concentrations of AGNs (5.0 g.L-1). The 182 
solutions were shaken at 25.0 ± 1.0 °C for predetermined times, and then filtered through 183 
PVDF membranes (Millipore) with diameters of 0.45 µm (HAs) and 0.22 µm (phosphate). 184 
The TOC and phosphate concentrations of the solution were monitored before and after the 185 
adsorption process. The kinetic results were fitted to the pseudo-first order or Lagergren 186 
(Eq. 1) and pseudo-second-order (Eq. 2) models: 187 
                                             (1) 188 
                                                 (2) 189 
where  (min-1) and  are the adsorption rate constants of the pseudo-first and pseudo-190 
second-order models (g mg-1 min-1), respectively, and , qe are the amounts adsorbed at 191 
time  and at equilibrium (mg g-1) [25]. 192 
 193 
Adsorption isotherms 194 
Phosphate: To assess the degree of affinity of the AGN sample with phosphate species, a 195 
stock solution of KH2PO4 at a concentration of 1000 mg L-1 was prepared by dilution in 196 
distilled water. The working solutions were prepared at the desired concentrations by 197 
dilution from the stock solution. Batch experiments were carried out by adding a constant 198 
mass of AGNs (0.500 ± 0.001 g) and varying the volume of phosphate solution of known 199 
concentration (≈70 mg L-1 PO43-) to obtain adsorbent concentrations ranging from 1.25 to 200 
10.0 g L-1. The flasks with solutions at different concentrations were capped, agitated in a 201 
shaker for 70 h at 25.0 °C ± 1.0 °C and filtered through a PVDF membrane (0.22 µm, 202 
Millipore). Before and after adsorption, the PO43- (mg L-1) concentrations of the samples 203 
were measured photometrically according to the amino acid method, as described 204 
elsewhere.  205 
HA: Batch experiments were carried out to study the HA adsorption onto the AGN surface. 206 
Varying amounts of a standard HA solution (200 mg L-1 TOC) were placed in contact with 207 
a constant mass of AGNs (0.500 ± 0.001 g) in order to obtain adsorbent concentrations 208 
ranging from 2.50 to 25.00 g L-1. The flasks with solutions at different concentrations were 209 
capped, agitated in a shaker for 52 h at 25.0 °C ± 1.0 °C, filtered through a PVDF membrane 210 
(0.45 µm, Millipore) and the remaining TOC concentration was measured in a TOC 211 
analyzer. 212 
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Arsenate: Aqueous solutions of As(V) at the desired concentration were prepared by 213 
dilution from a 1000 mg L-1 As(V) stock solution made by dissolving sodium arsenate 214 
dibasic heptahydrate Na2HAsO4 .7H2O (Sigma, ≥ 98% purity) in Milli-Q ultrapure water.  215 
Different volumes of As(V) solution of known concentration (≈400 mg.L-1) were placed in 216 
contact with a constant mass of AGNs (0.50 ± 0.001 g) to obtain adsorbent concentrations 217 
ranging from 1.25 to 16.67 g L-1. After 24 h of agitation in a shaker (Dist, DI 951) at 25.0 ± 218 
1.0 °C, the solutions were filtered through a 0.22 µm PVDF (Millipore) membrane and 219 
analyzed by mass spectrometry with an inductively coupled plasma source (ICP-MS; Perkin 220 
Elmer, Model NexION 300D, Shelton-USA), with sample introduction by pneumatic 221 
nebulization.  222 
For all adsorbates studied, control samples (without the addition of AGNs) were subjected 223 
to the same conditions of temperature, contact time and analysis. In all cases, the pH of the 224 
solution was not modified. The tests were carried out in triplicate. The amount of adsorbate 225 
qe (mg g-1) adsorbed onto the AGN at equilibrium was calculated from the difference 226 
between the initial Co (mg L-1) and the equilibrium Ce (mg L-1) concentrations of each 227 
species in solution (Equation 3):  228 
             (3) 229 
where V (L) is the volume of fluid and w is the mass of adsorbent (g). 230 
The amount of each compound adsorbed onto the AGNs were described by the Langmuir 231 
(Equation 4) and Freundlich (Equation 5) isotherm models: 232 
                                                                  (4) 233 
                                                                  (5) 234 
where  is the monolayer adsorption capacity (mg g-1), b is the Langmuir constant (L mg-235 
1) [26]; and KF and n (dimensionless) are the empirical Freundlich parameters. A high KF 236 
value is ascribed to the system adsorbent-adsorbate when the adsorbate has a higher affinity 237 
towards the binding sites, while the constant n is proportional to the intensity of the reaction 238 
[27].  239 
 240 
3. Results and discussion 241 
3.1 AGN characterization 242 
Table 1 shows the elemental composition, the point of zero charge (pHpzc) in water and in 243 
NaCl brines, and the textural characteristics of the AGNs. The AGN contained 244 
approximately 80% iron (mass) and other elements such as C, Si, Ca and Al. These 245 
impurities represent less than ten percent (weight) of the material and are common in mine 246 
tailings. According to the Duncan test (5% significance level) there were insignificant 247 
differences between the pHpzc values under the studied conditions. Thus, the surface of AGN 248 
is negatively charged at solution pH higher than 3.7, favoring the adsorption of cationic 249 
species, while the adsorption of anionic species may be favored at pH < pHpzc. High purity 250 
synthetic goethite has a pHpzc of approximately 9.0 [12], while natural iron oxides have a 251 
much lower PZC because of the presence of impurities. Surface-adsorbed anionic species 252 
such as CO32- or SO43- can significantly reduce the surface charge, whereas the adsorption 253 
of cationic substances such as Cu2+ or Zn+ increases the surface charge. The relatively high 254 
amount of carbon inpurity present in the samples investigated can be attributed to the 255 
presence of carbonates, which can reduce the pHpzc [12].  256 
The AGNs presented a reversible, type II, adsorption isotherm (S-shaped or sigmoid), which 257 
is associated to non-porous or macroporous adsorbents (data not shown) and unrestricted 258 
monolayer-multilayer adsorption. No hysteresis was observed, which is characteristic of the 259 
mq
absence of mesopores. The BET surface area and other textural characteristics obtained 260 
from the isotherm are shown in Table 1. BET surface area of  synthetic goethites are 261 
commonly found in the range 11 to 153 m2 g-1 [12], by rigorous controlling the experimental 262 
conditions. The relatively large surface area of the AGNs used in this study is significant, 263 
considering that they were produced on an industrial scale where control over the synthesis 264 
conditions is much more difficult to achieve. 265 
 266 
 267 
Table 1  268 
 269 
 270 
Figure 1 shows the infrared spectrum for the AGNs recovered from the AMD. Bands that 271 
characterize the sludge recovered as goethite (α-FeOOH) are: 3431.67 and 3169.78 cm-1 272 
due to O-H stretching; 630.68 cm-1 typical of Fe-O stretching; and 794.61 and 893.94 cm-1 273 
due to in and out of plane OH vibrations, respectively [12]. 274 
 275 
Figure 1 276 
 277 
Figure 2a shows the X-ray diffractogram of the solid recovered from the AMD. The 278 
diffraction patterns contain the diffraction lines of α-FeOOH (PDF card 29-0713), in a 279 
typical pattern as reported in the literature [28, 29] for synthetic goethite.  280 
The crystal size was calculated from the Scherrer equation [30] (L = k λ / B cosθ), where k 281 
is a shape factor of the particle (equal to 1 for spherical particle, but the more common value 282 
of 0.9 was used), L is the crystal length in the direction of the d spacing, and λ and θ are the 283 
wavelength and incident angle of the X-rays, respectively, and B is the line width at half 284 
maximum (B) of the peak at (2θ = 21.3°, Figure 2a). The crystallite size of the AGNs was 285 
found to be 23 nm, confirming that the recovered sludge can be characterized as goethite 286 
nanosized. The morphology of the goethite crystallites (Figure 2b) shows needle-like or 287 
acicular particles.  288 
 289 
Figure 2 290 
Figure 3 shows the TGA/DTA curves for the AGNs. The first weight loss step (≈ 2.5%) is 291 
attributed to the evaporation of the free water in the powder. The subsequent weight loss of 292 
11%, observed at 266.6 ºC results from the dehydroxylation (–OH) and the crystal transition 293 
of goethite to hematite (α-Fe2O3). The last step change at 706.1 °C is due to the 294 
transformation of hematite to magnetite (Fe3O4) [31], with a weight loss of around 1%.  295 
 296 
Figure 3 297 
3.2 Adsorption kinetics 298 
The sorption kinetics was investigated to determine the adsorption rates for the phosphate 299 
and humic acid solutions. The pseudo-first-order model did not fit the data for the adsorption 300 
of humic acid and phosphate onto AGNs. However, the pseudo-second-order model 301 
effectively described the behavior of both adsorbates, as shown in Table 2 by the higher 302 
determination coefficient (R). This empirical model has no physical meaning, but it is 303 
widely cited in the literature by several authors [27, 32, 33] and provided a good fit in this 304 
study.  305 
 306 
Table 2 307 
 308 
Figure 4 shows the adsorption of phosphate and humic acid onto the AGNs over time and 309 
the fitting of the results by the pseudo-second-order model. Both phosphate and HAs 310 
showed similar kinetic behaviors. After 30 min of contact with the solid, around 65% of the 311 
initial concentration was adsorbed. The adsorbates then show a second slower adsorption 312 
step. The HAs reached equilibrium first, showing a nearly constant concentration after 4 h 313 
of contact with the AGNs (93% adsorbed). On the other hand, after 10 hours in solution 314 
90% of the phosphate ions were adsorbed, which reached 96% after 90 h (Figure 4). 315 
 316 
Figure 4 317 
The adsorption of phosphate is characterized by an initial very fast process, taking place at 318 
t < 5 min, which is followed by a slower process, taking place at t > 5 min. During the initial 319 
fast adsorption process, aqueous oxoanions bind directly to the surface goethite groups [34]. 320 
Different mechanisms could be involved when the adsorption rate is low, such as surface 321 
precipitation, intraparticle diffusion, pores diffusion and surface binding heterogeneity [35]. 322 
The mechanism depends on the morphological and textural properties of the goethite 323 
nanoparticles [34]. 324 
 325 
3.3 Adsorption isotherms 326 
The Langmuir and Freundlich models were used to describe the adsorption isotherms, and 327 
the fitted parameters are shown in Table 3 for humic acid, phosphate and arsenate.  328 
The R values shown in Table 3 indicate that the experimental results were best described by 329 
the Langmuir model for phosphate adsorption. In contrast, the adsorption of humic acids 330 
was best described by the Freundlich model. The adsorption behavior of the arsenate was 331 
described similarly by the two models, despite  Mamindy-Pajany et al. [36] reported that 332 
Langmuir model should be most suitable to describe the adsorption behavior of arsenate 333 
onto a goethite surface due to the formation of  a monolayer of arsenate. 334 
Table 3 335 
 336 
Figures 5 shows the means and standard deviations of the experimental isotherms and the 337 
fitting of these models for phosphate, humic acid and arsenate, respectively, at 25 ºC. The 338 
results for the adsorption parameters in Table 3 showed a higher qm value (i.e., higher 339 
adsorption capacity) for the HAs followed by arsenate and then phosphate. In this regard, 340 
two factors appear to be important and can explain the higher adsorption capacity of HAs 341 
compared to the other adsorbates studied: a high molecular weight and the large number of 342 
active sites available, consisting mainly of carboxyl and hydroxyl functional groups [37]. 343 
However, Kang and Xing [38] reported that the relatively small molecular weight HA 344 
fractions had a greater affinity for the goethite surface, which contrast to other studies in 345 
literature.  346 
Figure 5 347 
The surface properties of iron oxide are key factors in the adsorption process. Both arsenate 348 
and phosphate can form an inner sphere of monodentate or bidentate–binuclear complexes 349 
with iron oxides, which can be explained by the similar chemical structures of arsenates and 350 
phosphates [39, 40]. This makes it difficult to explain the slightly higher affinity of the 351 
adsorbent for arsenate than phosphate The nature of the surface complexation (monodentate 352 
vs. bidentate, inner-sphere vs. outer-sphere) or the influence of other elements present on 353 
the surface of AGNs, such as Ca and Al, may influence the degree of affinity [39]. So, to 354 
fully explain these findings further studies are required.  355 
Table 4 shows a comparison of the adsorption capacity results for the adsorbent investigated 356 
in this study with other iron oxide adsorbents reported in the literature.  The results obtained 357 
with the AGNs recovered from AMD described herein are comparable with those obtained 358 
from synthetic, commercial or natural goethite. Many factors could contribute to the 359 
differences in the adsorption capacities observed in Table 4, including the sorbent surface 360 
area, the number of active sites available for adsorption, the iron content and the presence 361 
of impurities. Also, in the case of humic acids the molecular composition should be 362 
considered. Commercial HAs, for example, can differ significantly from natural organic 363 
matter present in natural environments, having a higher molecular weight, higher 364 
aromaticity and lower oxygen content than, for example, aquatic HAs and FAs.  Goethite 365 
has a higher sorption affinity for high polar carboxylic functional moieties compared with 366 
low polarity carbohydrate and nonpolar aliphatic fractions [38], and the amount of these 367 
molecular groups present is dependent on the origin of the HAs. 368 
 Another important aspect for the adsorption of arsenate, phosphate and humic acid 369 
is the size and degree of aggregation of the iron oxides particles. A decrease in the particle 370 
size from 300 to 12 nm of the size of nanocrystalline magnetite particles was found to 371 
increase the adsorption capacity of As3+ and As5+ by approximately 200 times [41]. 372 
Interestingly, this increase is greater than that expected based simply on considering the 373 
increase in surface area with smaller particles and suggests that the mechanisms associated 374 
with the sorption of arsenate by nanoscale iron oxide materials differs from that of bulk 375 
systems, and is somewhat affected by the aggregation of the nanoparticles. The AGNs used 376 
in this study were in the upper range (average particle size 67 x 430 nm  (diameter x lenght)) 377 
and therefore further optmization of the industrial process for recovery of AGNs from AMD 378 
may lead to an increase of the adsoption capacity of these AGNs. 379 
Table 4 380 
 381 
The results obtained in this study (Table 4) indicate that the AGNs recovered from an 382 
industrial scale from acid mine drainage sludge have great potential for a wide range of 383 
applications to treat waters contamined with arsenate, phosphate or humic acid contributing 384 
to adding a high value to the waste generated from coal mining. 385 
 386 
 387 
4. Conclusions 388 
In this study, sludge resulting from the AMD treatment process in a coal mine in southern 389 
Brazil, precipitated on an industrial scale, was characterized and tested for its capacity to 390 
adsorb the pollutants humic acids, arsenate and phosphate in aqueous solution. The SEM, 391 
XRD, FTIR, and TGA/DTA results indicated the presence of around 80% iron in the sample 392 
corresponding to the mineral goethite in the form of acicular nanoparticles with a large 393 
specific surface area (102 m2 g-1). 394 
The pseudo-second-order model effectively describes the kinetic behavior of the adsorption 395 
of humic acids and phosphate onto the acicular goethite nanoparticles (AGNs). Phosphate 396 
and HAs have similar kinetic behaviors, with a rapid adsorption step followed by a slow 397 
step. The experimental adsorption results were best described by the Langmuir model for 398 
phosphate and by the Freundlich model for humic acids. The adsorption behavior for 399 
arsenate was described similarly by both models. The highest adsorption capacity was 400 
obtained for HAs (37.30 ± 2.19 mgC g-1), followed by arsenate (19.91 ± 5.51 mg As(V) g-401 
1) and finally phosphate (12.98 ± 0.15 mgPO43- g-1). This study has shown a good prospect 402 
for the valorization of the AGNs product derived at industrial scale from the acid mine 403 
drainage slurry waste arising from the mining of coal. 404 
 405 
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Table 1: Elemental composition, point of zero charge and textural characteristics of AGN. 557 
Table 2: Parameters obtained from fitting of pseudo-first-order and pseudo second order 558 
kinetic models for adsorption of phosphate and humic acids (HAs) from solutions. 559 
Table 3: Langmuir and Freundlich fitted parameters for humic acids (HAs), phosphate and 560 
arsenate at 25 ºC. 561 
Table 4: Comparison of the adsorption capacities for the goethite adsorbent used in this 562 
study and others reported in the literature. 563 
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Caption of Figures 573 
 574 
Figure 1: FTIR spectrum for AGNs recovery from AMD. 575 
Figure 2: X-ray diffractogram (a) and SEM micrographs (b) of the AGN recovered from 576 
AMD. 577 
Figure 3: DTA and TGA curves for the AGNs. 578 
Figure 4: (a) Kinetics data for the removal of phosphate and humic acids (HAs) from 579 
solution by adsorption onto AGNs. (b) Fit for the pseudo-second-order model. 580 
Figure 5: Langmuir and Freundlich models fitted to the adsorption isotherms obtained for 581 
the adsorption of phosphate (a), humic acids (b) and arsentate (c) onto AGNs at 25°C. 582 
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